This study investigates the variety of the spectra features of fiber Bragg grating (FBG) around the crack tip during fatigue crack propagation. The study results reveal that the turning of the subordinate peak is significantly associated with crack lengths and corresponds to strain gradient along the FBG. Meanwhile, the strain distribution sensed by the FBG changes with the sensing section of the grating. FBG sensors could observe the monotonic plastic zone ahead of the fatigue crack tip. The cubic strain is distributed along the grating, with monotonic plastic zone propagation at the initial and terminal part of the grating, at approximately a 30% ratio of the entire grating. However, the monotonic plastic zone is sensed by the FBG, at ±15% bias of the grating center, with the quadratic strain gradient pattern along the grating. In particular, when the initial and terminal parts of the grating experience highly inhomogeneous strain distribution, the spectrum distortion occurs.
Introduction
The structural damage of aircraft constructions cannot be avoided over the course of long-term service. Such damage can include fatigue, material aging, corrosion, and cracking problems [1] . Furthermore, structural damage can be identified in synchronous real-time monitoring of the aluminum alloy crack propagation [2] . FBG sensors are recognized and are applicable to structural health monitoring (SHM), such as in the concrete structure of bridges, nuclear power stations, and large dams [3] . This is due to the specific benefits of FBG sensors, such as erosion resistance, small size, and multiplexing [4] . It is argued to be one of the most promising sensors in crack propagation prediction [5] .
Several researchers have made contributions to mechanical interpretations of spectral characteristics, changes with crack propagation, and the health monitoring of composite materials. Reference [6] found that the FBG spectrum was sensitive to the delamination propagation behavior of composite materials. The spectrum was split into two peaks dependent on the strain gradient which was caused by edge delamination. The light intensity of the primary peak increases with the extent of edge delamination. In addition, further interpretation of spectral features changed with the extension of delamination [7] . Regarding predictions of delamination size in composites, an indicator of the light intensity ratio of the primary peak to the subordinate peak was proposed by [8] . In addition, [9] states that the two peaks at lower and higher wavelengths in the reflection spectra correspond to the various forms of strain distribution, with the increment of delaminated area of composites.
Regarding strain distribution analysis around the crack tip, many numerical approaches are developed to investigate the strain distribution, such as FEM and the LocalGlobal method. Reference [10] states that the plastic zone is divided into three regions: the monotonic plastic zone, the cyclic plastic zone, and the process zone. Meanwhile, several experimental advancements have already improved the strain distribution calculation of aluminum, such as digital image correlation (DIC), the laser speckle method, and laser speckle imaging (LSI). These improvements are also accompanied by increased instrument precision and accuracy. Strain sensing 2 Journal of Sensors sensors include eddy current measurement sensors, strain gauge, and the coupling fiber-optic strain sensor [11] for the strain sensitivity of FBG. The latter is used for strain monitoring; however, it is costly and is used for the monitoring of structural deformation. Therefore, the method is unsuitable for the local stress concentration, such as the strain concentration around the crack tip. Consequently, the FBG is considered as a potential sensor for the monitoring of aluminum crack concentration.
However, there has been little research focused on the mechanism of subordinate peak skewing of the FBG on aluminum crack propagation. Peters et al. [12] discussed the spectra of the FBG as a possible basis for the resolution of an arbitrary applied strain distribution. Jin et al. [13] discussed the subordinate peak of the reflection spectrum in crack propagation monitoring of aluminum alloys. The FBG was placed parallel to the external loading direction. However, in this paper, the FBG was applied perpendicular to the axial direction of the external load in this study. Subordinate peak variation which shows a strong correlation to the strain region size with crack propagation was demonstrated in this research.
Experiment
The core principle was to investigate the mechanism on various physical characteristics, extracted from the spectrum intensity during crack propagation. The mechanism of subordinate wavelength variation during the crack propagation demonstrated practical significance regarding quantifiable crack identification. Thus, the structure is equipped with sensors and interacts with the crack propagation, which presents the evolution of the state and physical parameters.
Specimen.
The objective system established in this paper is a plate made of aluminum alloy 7075-T6, with the dimension of 300 mm × 100 mm × 2 mm as shown in Figure 1 . A 10 mm diameter hole was drilled into the center of the plate. A 3 mm precrack is introduced by electrical discharge machining to activate fatigue crack propagation. The top frontier is fastened and a uniform tensile load of 65 MPa is implemented from the bottom, as indicated in Figure 1 . Table 1 shows specimen properties. To sense the strain in various shapes distributed along the grating caused by the crack tip, the FBG sensor is adhered parallel to the precrack direction. The horizontal distance from the initial grating to the hole edge is 7 mm, and the perpendicular distance to the horizontal line is 1 mm. The FBG sensor length is 10.1 mm. A liquid cyanoacrylate adhesive is used to glue the FBG sensor onto the specimen surface. Young's modulus of the adhesive is 1.75 MPa.
Experiment Setup.
A fatigue crack damage recognition test platform is developed and FBG sensors are utilized to abstract the damage indicator. Figure 2 illustrates the hole-edge crack experimental setup which is composed of three main segments: fatigue loading equipment, the optical modulation analyzer, and a fatigue crack detection device. The reflected spectrum of the FBG is obtained by an optical demodulator (SM125, Micro Optics Inc.), which possesses high wavelength accuracy. An optical microscope oversees the fatigue crack propagation with a Charge Coupled Device (CCD) camera during the loading progression. Fatigue testing is undertaken using a hydraulic MTS machine with continuous fatigue loading along the axial direction as shown in Figure 2 . The spectra data and crack length were collected with the increase of crack length of about 1.0 mm visually, in which the fatigue loading machine was shut down and modulated at the maximum load value. The constant amplitude loading spectra used in this study have a maximum value of loading set at 65 MPa and a cycling frequency of 10 Hz. The FBG sensor number is FSSR5025.
Results
The natural crack in the plate was initiated and propagated through the use of a cyclic fatigue test. The FBG sensor was used to measure strain distribution along the axial grating at differential strain profiles with the crack propagation. The data was obtained using the FBG sensing demodulation system throughout cyclic fatigue. Initially, the reflection spectra are symmetrical and had a primary reflection spectrum. Subsequently, the peak simply moves backwards or forwards when the grating sensed uniformity strain profile. Concurrently, the pitch changes accordingly with the internal periodic modulation and all grating periods experience changes synchronously. This results in a shift of the Bragg wavelength without modification of the spectrum shape, and consequently the spectrum becomes symmetric and smooth due to the uniformity of the strain distribution along the grating ( Figure 3 ). However, regarding crack propagation, the spectral wavelength shifts gradually and the reflection spectrum showed a significant change in shape. This is represented as subordinate peaks as shown in Figures 5(a) , 6(a), and 7(a). Meanwhile, the FWHM also displayed an obvious correlation with the crack length until a saturation crack length is reached. The spectrum bandwidth is also directly related to strain distribution and hence has been previously applied [14, 15] . A shift of the measured central wavelength of less than 0.1 nm is observed during the process. The reason is that there is a small offset between the center of the FBG and the intersection point between the FBG and the neutral line. It is clearly demonstrated that the strain patterns are distributed around the crack tip according to perfect nonuniformity. Thus, nonuniform strain is distributed along the entire length of the FBG with the crack propagation. Meanwhile, the subordinate peaks vary with the complex strain distribution along the grating. In addition, the relationship between the subordinate peak and the strain distribution pattern has been discussed and simulated in previous research [13] . The turning subordination peaks coincide with the crack length, which is represented in the comparison between Figures 5(a) and 6(a) with Figure 7 (a). The presence of crack propagation introduced three regions (Zones A, B, and C) of uniform grating strain, creating two primary peaks in the reflected spectrum as shown in Figure 4 .
The distribution of strain patterns along the grating is mainly due to the ratio of crack length lying in the grating with the entire grating (Figure 4) . Additionally, the crack propagation rate is a major factor in determining the monotonic plastic zone propagation rate. Regarding the cracks, the propagation rate affects the ratio of crack length lying in the grating with the entire grating. Reference [16] shows that crack propagation rate changes with external applied stress and this ratio could be changed with external loading stress.
And when the crack approaches initial grating, approximately 30% of the entire grating ratio, positioning at −0.2-3.2 mm to initial grating (Zone A), the reflection spectra appear to have subordinate peaks located to the left side of the primary peak. However, the subordinate peak appears at higher wavelengths when the crack approaches ±15% bias of the central grating, positioned at 3.2-6.8 mm to the initial grating (Zone B). When the crack propagates to the terminal grating, at approximately 30% ratio of the entire grating, positioning at 6.8-10.3 mm to initial grating (Zone C), the reflection spectra appear to have subordinate peaks located to the left side of the major peak.
Analysis of Spectra in Zone A Sensing Grating.
When the crack propagates close to observation Zone A, the subordinate peak is initially presented in the lower wavelength and drifts towards the same orientation. Moreover, the peak broadens and the subordinate peak energy increases as shown in Figure 5(a) . Typically, the reflected spectra broaden and multiple peaks appear. The spectrum modifications may be due to polarization-induced lateral strains and/or nonhomogeneous strains parallel to the fiber axis.
If the FBG is submitted to different strain patterns along the grating, different lower peaks distort the reflected peak, as shown by curve A in Figure 5 (a), and more details are shown in Figure 5(b) . The slitting of the spectra occurred and the spectra shape was distorted. Afterwards, the spectra enlarged and the spectra distortion is critical, which corresponds to the outcomes by Ussorio [17] . The reflection spectra are evenly slit into several peaks at the initial and eventual break of the grating. The form of reflection spectra depends on the strain distribution along the grating [18] . Thus, the serve nonuniform strain pattern along the grating is assumed to be the principal reason for the spectra oscillation [19] . Figure 5 (a) also shows a spectral wavelength shift towards a lower wavelength, with crack propagation in Zone A. These indicate a decrease of tensile strain in the grating. Thus, the central wavelengths diminished from 1544.7 nm to 1544.6 nm.
The deformity of the reflection spectra is generally related to the strain distribution along the FBGs [20] . In fact, the distribution of strain patterns along the grating corresponds to crack propagation. Regarding crack propagation, the spectrum bandwidth and full width at half maximum (FWHM) [21] broadened, accompanied by a sudden broadening of the spectrum that occurs at a 5.4 mm crack length, in comparison with curve A in Figure 5(a) . Meanwhile, the bandwidth of FWHM broadens from 0.3 nm to 0.4 nm, and the FWHM increases from 0.3 nm to 0.7 nm, with the crack propagating in Zone A.
Analysis of Spectra in Zone B Sensing Grating.
As the crack propagates to Zone B with a crack length of 7.6 mm, the number of subordinate peaks increases, as shown in Figure 6 (b). Meanwhile, the reflection spectra appear to have multiple peaks located at the right side of the primary peak. Figure 6 (a) also shows that the spectral intensity shifts towards a lower wavelength, with the crack propagation in Zone B. This indicates a decrease in tensile strain at the grating. Thus, the central wavelengths diminish from 1544.2 nm to 1544.1 nm.
The crack in the aluminum material can produce a strain concentration or gradient zone, which contains complex strain patterns. If differential strain patterns are applied to the grating, it will suffer from a nonuniform strain distribution pattern. This causes a sensor response that is more complicated than uniform cases [22, 23] . The nonuniform strain along the grating will change the periodicity of the grating pattern. The grating pattern is modified from a uniform to a chirped configuration [24] , as shown in Figure 6(a) . Thus, the width of FWHM broadened from 0.6 nm to 1.0 nm. Simultaneously, longer wavelength subordinate peaks appear and drift to naturally similar orientations.
Analysis of Spectra in Zone C Sensing Grating.
For crack propagation towards Zone C terminal with a crack length of 14.3 mm, the distortion of the spectrum occurs as shown in Figure 7(b) . Meanwhile, the reflection spectra are slit into multiple peaks located on the left side of the primary peak. Thus, it is confirmed that the spectrum oscillation can be related to the nonuniform strain distribution along the grating caused by transverse crack. Figure 7 (a) also shows that the spectral intensity shifts towards a lower wavelength, with crack propagation in Zone C. Thus, the central wavelength diminishes from 1544.7 nm to 1544.6 nm, and the width of FWHM broadens from 0.5 nm to 1.0 nm.
Discussion

Mechanism of the Skewing of the Subordinate Wavelength.
Generally, when the compressional strain is sensed by the FBG, the reflection spectra move towards a lower wavelength. While tensile strain is sensed by FBG, the reflection spectra will shift to a higher wavelength [25] . There is a high order of the strain distribution around the crack of the test specimen. Thus, the strain distribution along the grating is nonuniform and the width of the spectra broadens. As the FWHM of reflection spectra increases, reflectance decreases and the subordinate peaks appear initially, and even spectra distortion occurs. Reference [13] investigates the subordinate peak located in the lower wavelength, with quadratic strain distribution being employed along the grating of the fiber. When the cubic strain gradient is employed along the grating of the fiber, the subordinate peak is located at a higher wavelength. Meanwhile, the strain distribution along the grating corresponds to the plastic zone ratio ahead of the crack tip to the entire grating. When the crack propagates to the initial or terminal part of grating, at approximately 30% ratio of the entire grating, the cubic strain is distributed along the grating. However, the monotonic plastic zone is sensed by the FBG, at ±15% bias of the grating center, with the quadratic strain gradient pattern along the grating.
Results conclude that the FWHM and location skewing of the subordinate peak are related to the change of strain distribution along the grating, with the crack propagation. The FWHM and the subordinate peak skewing are proved to be good indicators for real-time crack propagation evaluation.
Analysis of the Spectrum Distortion.
Crack progression causes a nonuniform strain field around the crack tip to reach the grating area. This modifies the FBG response by significant variations with the subordinate reflected peak. As previously discussed, a severe strain distribution pattern, such as linear, quadratic, and cubic strain distributions, is sensed by the grating and can be attributed to the complex strain distribution around the crack tip. Previous research reveals that the linear and quadratic strain can be perceived by the FBG, which can be obtained by experiment and simulation. Meanwhile, Peters et al. [26] stated that the cubic strain gradient can be perceived by FBG, through the development of an experiment to calibrate the strain distribution pattern along the grating.
Meanwhile, [27] proposes that axial and transverse strain can both be sensed by the FBG, especially when the grating is adhered perpendicular to the loading direction. However, it is still a challenge to identify whether the distortion is promoted by a nonuniform longitudinal strain or by transverse stress splitting. Thus, it is concluded that the complex strain distribution pattern sensed by FBG could be the major reason of spectrum distortion, which correlates with the distance of crack tip from the initial grating.
Conclusion
To determine the presence and development of the crack, FBGs show significant changes in the strain due to crack propagation in the specimen. In this study, the experimental data from fatigue testing is used to analyze the characteristic parameters for different crack lengths, in combination with the variable strain distribution. The spectrum became deformed with crack propagation, such as the number of subordinate peaks, and subordinate peak skewing. The change of strain distribution pattern sensed by the grating is assumed to cause the subordinate peak skewing, with the crack propagation. The monotonic plastic zone ahead of the crack tip is sensed by the grating, and the strain distribution pattern is closely related to ratio of sensed subgrating to the entire grating. When the crack propagates to approximately 30% of the initial or terminal grating, the cubic strain distribution is sensed by the FBG.
Furthermore, the FBG-based demodulation method can be used as a novel and alternative technique to real-time detection of the transverse cracks within the complex structure of aluminum alloy.
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